Conformational analyses of cyclic tetrapeptides consisting of alternating cis and trans peptide units have been made using contact criteria and energy calculations. This study has been restricted to those structures having a symmetry element in the backbone ring, such as a twofold axis ( d ) or a center of inversion (i). There are five main results. (1) There are two distinct types of conformations, which are stereochemically favorable corresponding to each of twofold and inversion-symmetrical structures, designated as d l , d z (for twofold symmetrical) and il, iz (for inversion-symmetrical). Among these, the i l type has the lowest energy when glycyl residues occur a t all four a-carbon atoms. (2) With the glycyl residue a t all four a-carbon atoms, methyl substitution a t the cis peptide nitrogen atoms is possible in all the four types, whereas the substitution a t trans peptide nitrogen atoms is possible only for the i l type. Thus only in the i l type can all the nitrogen atoms be methylated simultaneously. The conformation of the molecule in the crystal structure of cyclotetrasarcosyl belongs to the il type. (3) When alanyl residues occur a t all four a-carbon atoms, the possible symmetrical type is dependent on the enantiomorphic form and the actual sequence of the alanyl residues. (4) The methyl substitution a t peptide nitrogen atoms for cyclic tetrapeptides having alanyl residues causes more stereochemical restriction in the allowed conformations than with glycyl residues. (5) The prolyl residue can be incorporated favorably a t the cis-trans junction of both d and i types of structures. The results of the present study are compared with the data on cyclic tetrapeptides available from the crystal structure and nmr studies. The results show an overall agreement both regarding the type of symmetry and the conformational parameters.
INTRODUCTION
In an earlier paper of this series,l the conformational studies of cyclic tetrapeptides with all the peptide units in the trans conformation have been reported. A t that time, the syntheses of only cyclotetraglycyl and cyclotetraalanyl were knowq2s3 and the nature of the peptide units in them was not clearly established. Since then, crystallographic and solution studies (by nmr) of a number of cyclic tetrapeptides&l2 and tetradepsipeptides13-16 have been reported. The majority of these contain N-methyl amino acid Peptide Sequence as ;cis-trans-cis-trans; 1. Cyclo(Sar) 4 Center of x-ray, nmr residues and are made up of both cis and trans peptide units, with the peptide sequence as +s-trans-cis-trans;.
The cis peptide units that do not normally occur in protein chains, except occasionally with prolyl residues, are essential in the formation of cyclic dipeptides17J8 and cyclic tripep tide^.'^-^^ It has been established1,22 that cyclic tetrapeptides cannot be formed with standard planar trans peptide units. Acceptable conformations can be obtained if the peptide units deviate from planarity by about 10"-15". On the other hand, the cis peptide units, in combination with trans peptide units, can bring about reasonably good structures without invoking much nonplanarity. In this paper, these types of cyclic tetrapeptide structures are examined from a stereochemical point of view, using "contact criteria" and potential energy consideration^.^^ This study has been confined to structures in which the peptide ring has a symmetry element, such as a twofold rotation axis or a center of inversion. While a complete study should include the nonsymmetrical conformations as well, this is not attempted here because of the extensive computer time required. Furthermore, in many of the cyclic tetrapeptides that have been studied experimentally, the peptide ring is found to have a t least an approximate symmetry. The symmetry of the ring in the various cyclic tetrapeptides and tetradepsipeptides studied by crystal structure analysis and by nmr methods is given in Table I . Combination of cis and trans Peptide Units Formulation of cyclic tetrapeptides with both cis and trans peptide units can give rise to four possible combinations. (In this paper, the trans peptide unit will be referred to by the symbol t and the cis peptide unit by the symbol c.) The possibilities are (1) all c's, (2) three c's and one t, (3) two c's and two t's, and (4) one c and three t's.
Preliminary model building shows that all these four types of structures can be formed geometrically, with a certain amount of nonplanarity for the peptide units. It has been shown by S a r a t h~~~ that an all-cis cyclic tetrapeptide structure is not stereochemically favorable. Possibilities (2) and (4) cannot have any symmetry for the ring and hence are not considered here. Combination (3) has two c's and two t's, which can be arranged in two ways, namely, c,-c-t-tT and;c-t-c-t_. The former sequence cannot have any symmetry in its ring, and this type of sequence has not been observed. Hence only the peptide sequence ,c-t-c-tT has been considered in this paper.
Method The method used to form the cyclic tetrapeptides is as follows: two pairs of identical peptide units, each pair consisting of linked t and c peptide units, were joined together under appropriate conditions. The cyclic tetrapeptides having twofold symmetry will be denoted by the symbol d and those having inversion symmetry by i. The method used for the generation of d-symmetrical structures is the same as that given in Ref. 1 . For generating the i-symmetrical structures, the center of inversion was taken to be a t the midpoint of the line joining the terminal Ca atoms of the pair of linked peptide units. Thus the two halves of the cyclic tetrapeptide are automatically obtained and linked. However, the bond angle T(NC"C) at the two Cff atoms may not always be around the tetrahedral value, and therefore, only certain sets of linked peptide units will be found suitable to form geometrically satisfactory structures. For both types of symmetrical cases, a pair of peptide units, with a given set of parameters ( T, 4, ~, b ) ,~~ is first generated and then the symmetry condition is applied. The method is shown schematically in Fig. 1 .
In the present study, the initial pair of peptide units has been chosen as a system of linked trans-cis peptide units as shown in Scheme I: Consequently, the third peptide unit will be t and the fourth c. The atoms C?, Cq will then be situated a t t -c junctions and Cy, C$ at c -t junctions.
Further, it is sufficient to specify the parameters at two consecutive acarbon atoms (say Cy and Cg), as those at the other two a-carbon atoms are automatically specified due to symmetry by the general relationships: and #n+2 = -$n for i types
The geometrically possible structures were first examined using stereochemical criteria for the backbone atoms only. This was done by superposing the ( 4 -#) regions, which can give rise to geometrically feasible structures, over the (4 -$) contact map. Since the structure involves two different types of junctions ( c -t and t -c ) , it is necessary to do the superposition with two different (4 -$) maps. By this method conformations having short contacts between atoms of adjacent units are eliminated, and those left out are further examined for possible steric hindrance between atoms of opposite (symmetrically related) peptide units. Those conformations that do not have severe short contacts are further studied through energy considerations. In the present study, only the simple side groups, like glycine and alanine, are considered. 
RESULTS AND DISCUSSION

Two-Fold and Inversion Symmetrical Structures
It was found that the major portion of geometrically allowed regions (a broad region in the case of d symmetry and two narrow strips with i symm e t r~) *~,~~ does not overlap with the stereochemically allowed regions of the contact maps, even for glycyl residues The combination of geometry and stereochemistry results in four distinct regions, two each for d and i
symmetries. This is shown in Fig. 2 It can be seen from Fig. 3 that in all the four types of conformations, the C=O groups are oriented nearly perpendicular to the approximate plane formed by the four a-carbon atoms. The actual directions (up or down) of the C=O bonds with respect to the ring are given in Table 11 . The potential energy calculations were carried out for the different types with glycyl residues a t all four a-carbon atoms by varying the values of (4, 4 ) in their corresponding regions a t 5" intervals. The forms and the constants of the energy function used for the calculations are those given by Ramachandran and S a~i s e k h a r a n .~~ The conformational parameters and energy values in the increasing order of their energy up to 0.6 kcal/mol/ residue from their respective minima are listed in Table I11 for the four types. Comparing the minimum energy values for the different types, it can be seen that the i l type has the lowest minimum, and the minima cwresponding to the types d l , d2, and i2 are higher by more than 0.8 kcal/ Fig. 2 .
These correspond to regions df in Fig. 2 . These correspond to regions if in Fig. 2 . These correspond to regions i$ in Fig. 2 . molhesidue. The conformation of cyclo(Gly4) as determined by nmr studies9 indicates an all-trans sequence having nonplanar peptide units and thus cannot be compared with the results of the present study. The relative stabilities of cyclo(Cly4) under different symmetrical conditions have been studied, and the results will be published elsewhere.
N-Methyl Substituted Cyclic Tetrapeptide with Glycyl Residues
It can be seen from Table I that all the cyclic tetrapeptides except cyclo( Gly,) and dihydrochlamydocin have at least one methylated nitrogen atom and have the peptide sequence ;c-t-c-t,. The effect of methyl substitution on the low-energy conformations obtained with normal peptide units was studied using stereochemical "contact criteria" corresponding to the following situations:
1. The two cis peptide units containing N-methyl groups and the two 2. The two trans peptide units containing N-methyl groups and the two 3. All four peptide units containing N-methyl groups.
The principal results are summarized in Table IV , in which the minimum energy values when there are glycyl residues at the four a-carbon atoms are given in parentheses. The following conclusions were drawn: 3. For types d l and iz, the methyl group cannot be substituted even at one trans unit, because the N-CH3 bonds in these types point towards the inside of the peptide ring, and hence methyl groups come very close to the atoms of the opposite trans peptide units. 4. In the case of the dz type, the methyl groups a t the two trans units give rise to very short contacts between them, and hence substitution a t only one of the trans units is possible for this type. " Methyl groups can be substituted a t both the opposite peptide units simultaneously.
is possible.
Methyl groups cannot be substituted a t both the opposite peptide units simultaneousSubstitution is possible only a t one trans peptide unit and not a t both. The value of minimum energy when all the four units have an N-methyl group is -0.4
ly.
kcal/mol/residue. 5. All the peptide units can be methylated only for the i l type. Thus the compound cyclotetrasarcosyl, in which all four peptide units are methylated, can take up only the i l type of structure. This conclusion, which results from a systematic study, is in complete agreement with obs e r v a t i o n~.~*~ The crystal structure data on three compounds containing glycyl and sarcosyl residues are available in the literature. In the crystal structure of cycl~tetrasarcosyl,~ the molecule is of the i l type and is the only type possible when all four peptide units are methylated. In the crystal structure of cyclo(Gly-Sar-Sar-Sar),6 two of the three N-methyl groups (of sarcosyl residues) occur at the opposite cis units and the remaining one a t one of the trans units. According to Table IV, this is possible for types d2 and il. Among these two types, the conformation i l has a lower minimum than dz (by about 3 kcal/mol/residue). The observed conformation of this molecule is also of i l type. In cyclo(G1y-Sar-Gly-Sar)," N-methyl groups of the two sarcosyl residues occur at the two opposite cis units. According to Table IV, it is possible for all four types of cyclic tetrapeptide structures to accommodate methyl groups at the cis peptide units. However, the i l type has the lowest minimum, and the observed conformation of the molecule is also of the i l type.
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Fig. 3. (continued from previous page)
In all the three examples mentioned above, the conformation of the molecule is of the i l type. The conformational parameters of the molecules (reported in Refs. 4 and 6) are compared with those calculated in the present study. Since in the observed molecules both cis and trans peptide units are nonplanar, a deviation of f l O o from planarity was introduced to obtain low-energy conformations so that effective comparison could be made. The results for these compounds are given in Table V . The conformation that fits best with observations is also given in Table V . Energetically, these are very close to the minimum energy conformations.
While the application of "contact criteria" is fully valid, comparison of the minimum energy conformations in the present study with those observed in the experimental study, such as x-ray or nmr, is open to question, since neither the intermolecular crystal packing interactions in the solid state nor the solvent interactions in solution has been taken into account. The authors feel that in the case of cyclic peptides, especially with a small number of residues, the molecule is fairly rigid, and the intramolecular interactions play a major role in stabilizing the conformation. The other effects can, however, introduce slight distortions, and hence the observed conformation need not exactly correspond to the minimum energy conformation. This is the reason why the conformations that fit best with the observation have also been listed in Table V . It can be seen that the deviations are small and reasonable. 
Incorporation of L-and D-Alanine Side Groups
The stereochemically feasible cyclic tetrapeptide conformations having L-and D-alanyl residues were deduced by examining the different types of cyclic tetrapeptide structures against a background of the corresponding contact maps for the alanine dipeptide (Fig. 4) . The results are summarized in Table VI , in which the possible sequences and the minimum value of the total energy for that sequence are listed. The following conclusions can be drawn:
Cyclic tetrapeptides having L-(or D-) residues at all the a-carbon atoms can take up only d-symmetrical, and not the I:-symmetrical, structures. (It should be noted that the symmetry considered here applies only to the backbone.) When the structure contains both L-and D-residues, depending on the actual sequence, either the d or i type becomes allowed. For example, the sequence +LDDT is not possible for any of the types. It may appear that for the i type, since _DLL? is possible, ;LLD? must also be possible because of the cyclic nature. But this is not so, since there are two types of junctions, c-t and t-c. This makes the two sequences conformationally different. The information containedin Table VI can be effectively used to pick out the symmetrical type of conformation that any given isomeric sequence of nonglycyl residues can assume. 
2.8
a The possible residues and the sequences mentioned here correspond to the region denoted by the superscript A in Fig. 4 . The enantiomeric residues and sequences are equally possible stereochemically for the region denoted by the superscript B in the same figure.
Effect of N-Methyl Groups with Alanyl Residues
The interaction of the alanyl side group with the N-methyl group will naturally cause more stereochemical restrictions than the glycyl side group. The types of conformations that are stereochemically possible under these conditions are summarized in Table VII . It is clear that the methyl substitution eliminates many sequences that are otherwise possible with normal peptide units. This is caused mainly by the unfavorable close contact between the alanyl side group and the methyl group attached to the nitrogen atom of the preceding peptide unit.
Our results can be compared with the available crystal structure data on cyclic tetrapeptides containing nonglycyl amino acid residues. In dihydr~tentoxin,~ alternate amino acid residues are N-methylated, and the sequence of the residues is +DGLT or +LLD-, where G stands for glycyl. Since the glycyl residue can easily be accommodated in place of either the L-or D-residue, the sequences to be tested are other cyclic tetrapeptides416 and t e t r a d e p s i~e p t i d e s l~-~~ whose crystal structures are known, it is found that N-methyl groups occupy cis units in preference to trans units. If N-methyl groups were to occur in cis units for the sequence -GLLD-.
of dihydrotentoxin, none of the types of conformation is stereochemically favorable. This is perhaps the reason why the N-CH3 groups occur in trans units in this compound.
In cyclo(D,L) (Ala-Sar-Sar-Sar),G there is only one nonglycyl residue, and the sequence is ,GGGL, or .GGGD, Types d 1 and i 2 are not favored, since the three consecutive amino acid residues are N-methylated. Among the other two types, d l and i2, the minimum energy value for the il (with the cis peptide units and one of the trans units N-methylated) is lower than that of d2 by about 4.5 kcallmoll residue. The observed conformation of the molecule is also the il type, and the N-methyl groups occur in two cis units and one trans unit.
Accommodation of Prolyl Residues
It is well known that the prolyl residue can assume both cis and trans forms. The feasibility of accommodating prolyl residues has been investigated here in a preliminary way by examining the range of 4 values at the a-carbon atoms. Subsequently, by fixing the proline group, the conformations were checked for possible short contacts. A summary of the results is given in Table VIII , where the conformation of the prolyl residue, as 
a The prolyl conformation is indicated in parentheses. The notations cis' and trans' corSimultaneous occurrence of proline residues a t the two t-c junctions not stereochemically Not possible.
respond to regions with $ angle around -6OO and 120°, respectively, for L-Pro.
permitted.
determined by the value of $ at the prolyl C a is indicated in parentheses. Table VIII shows the following: 1. For the dl, il, and i2 types of structures, the prolyl residue can be accommodated only at the c-t junctions (i.e., the prolyl residue has to be in cis form). When the prolyl residues occur a t the two c-t junctions, they have to be in the same enantiomorphic form for the d 1 type and in the opposite forms for the i types. 2. The d2 type can accommodate the prolyl residue a t all the a-carbon atoms. However, due to steric hindrance, simultaneous occurrence of prolyl residues at the two t-c junctions is forbidden. Table I1 it can be seen that for type dl, the adjacent oxygen atoms are pointing in the opposite directions; whereas for the type d2, all four oxygen atoms are pointing in the same direction. In the observed conformation, the three consecutive oxygen atoms are on one side of the ring, with the remaining one pointing in the opposite direction. Thus, if one of the trans peptide units in the d l or d2 type is flipped by 180°, the resulting conformation will correspond to their model. The detailed energy calculation on cyclo(Pro-Gly)2 to find out the relative stabilities of symmetrical and asymmetrical conformations is underway. We believe that like the symmetrical conformations of cyclo(L-Pro-Gly)a (Ref. 28) and cyclo(L-Pro-G~Y )~ (Ref. 29) in solution, this molecule should also exhibit a twofold symmetrical conformation in a nonpolar solvent.
